In the antiretroviral therapy (ART) era, chronic HIV infection is primarily associated with chronic inflammation driving comorbidities such as cardiovascular disease and neurocognitive impairment. Caspase-1 activation in leukocytes has been documented in HIV infection; however, whether caspase-1 activation and the downstream pro-inflammatory cytokines interleukin-1beta (IL-1β) and interleukin-18 (IL-18) contribute to chronic inflammation in HIV comorbidities remains undetermined. The relationship between the caspase-1 cascade and persistent inflammation in HIV has not been investigated. Here, we used an accelerated simian immunodeficiency virus (SIV)-infected rhesus macaque model with or without ART to investigate the dynamics of caspase-1 and immune cell activation before infection, 21 days post infection (dpi), and necropsy. Caspase-1, IL-18, IL-1β, and immune markers were measured both in the circulation and lymphoid tissues. We found a significant increase in caspase-1 and IL-18 in SIV infection that positively correlated with inflammatory monocytes and negatively correlated with CD4 + T cell counts. ART attenuated these effects at necropsy in the circulation. Further, lymph nodes from SIV+ or SIV+ART animals had increased activation of caspase-1 and potential upstream priming of the NF-κB pathway, indicating that tissue-specific immune activation persists with ART. Together, these results shed light on the interconnectedness of the caspase-1 pathway and peripheral immune activation and further indicate that ART is not sufficient for suppressing inflammation. The caspase-1 pathway may provide novel therapeutic targets to improve HIV-associated comorbidities and health outcomes in the context of viral suppression.
Introduction
The course of human immunodeficiency virus (HIV) infection has changed dramatically since the introduction of combination antiretroviral therapy (ART). The life expectancy of patients living with HIV (PLWH) is approaching that of the general population and AIDS-related opportunistic infections are no longer the leading cause of death (Lohse et al. 2007; Kearns et al. 2017a) . Chronic HIV infection is associated with an increased prevalence of comorbidities, including cardiovascular disease (CVD), neurocognitive impairment, metabolic syndromes, and malignancies (Effros et al. 2008; Alcaide et al. 2013) . PLWH have up to a two-fold increased risk of CVD compared to agematched uninfected individuals (Kearns et al. 2017a; Currier et al. 2003; Triant et al. 2007; Smith et al. 2014) . The implementation of ART has resulted in a 40-50% decrease in HIVassociated dementia (HAD), the most severe form of HIVassociated neurocognitive disorder (HAND); however, the percentage of PLWH with HAND remains steady but with a more mild presentation (Saylor et al. 2016) . Thus, ART is not sufficient for preventing or treating these comorbidities and a better understanding of residual immune activation with ART can aid in designing novel therapeutics.
The main targets of HIV and simian immunodeficiency virus (SIV) infection are T cells and monocytes/macrophages, resulting in T cell depletion and myeloid cell activation. Specifically, myeloid cells are important as both a reservoir for active viral replication and for viral persistence Porcheray et al. 2006) , implicating this lineage as main players in HIV-associated comorbidities (Kearns et al. 2017a; Burdo et al. 2013; Hasegawa et al. 2009; Crowe et al. 2010) . CD163, a macrophage-specific scavenger receptor, is shed during immune activation as soluble CD163 (sCD163). Plasma sCD163 levels correlate with non-calcified plaques in HIV-associated CVD, HIV-associated brain pathology, severity of HAND, and metabolic syndrome Royal 3rd et al. 2016; Subramanian et al. 2012; Bryant et al. 2017; Fourman et al. 2018; Fitch et al. 2013; Burdo et al. 2011a) . Soluble CD14 (sCD14) is another monocyte/macrophage activation marker increased by inflammatory triggers such as LPS, interleukin-6 (IL-6), and interleukin-1beta (IL-1β) (Shive et al. 2015) . sCD14, like sCD163, is a predictor of both overall morbidity and mortality in HIV disease, as well as an indicator of CVD (Sandler et al. 2011; Tenorio et al. 2014; Kelesidis et al. 2012) . In PLWH on ART, HIV infection not only activates immune cells but also triggers an array of molecular pathways, including nod-like receptor protein 3 (NLRP3) inflammasomemediated caspase-1 activation (Kearns et al. 2017a; Chivero et al. 2017; Walsh et al. 2014; Hernandez et al. 2014; Guo et al. 2014 ). However, the mechanisms underlying HIV-immune cell activation require further investigation (Kearns et al. 2017b) .
Increased caspase-1 activation, namely through inflammasome formation in immune cells, has been documented in different stages of HIV infection (Kearns et al. 2017a ). Inflammasome formation is a highly conserved process of the innate immune system in response to pathogens, including HIV. Pattern recognition receptors identify infectious agents that trigger downstream mechanisms, including activation of inflammasomes. NLRP3 inflammasome formation, and subsequent caspase-1 activation leads to the release of active IL-1β and IL-18, contributing to chronic inflammation (Kearns et al. 2017a; Guo et al. 2015) . With HIV infection, caspase-1 activation releases IL-1β and IL-18 from monocytes/macrophages (Hernandez et al. 2014; Guo et al. 2014; Chattergoon et al. 2014) . Caspase-1 is activated in microglia from animal models of HAND and cognitively impaired PLWH (Chivero et al. 2017; Walsh et al. 2014; Mamik et al. 2017) . Similarly, the caspase-1 pathway, measured by IL-18, may be driving cardiovascular disease in SIV infection in animals on a high-fat diet (Yearley et al. 2009 ). Further, inflammasome formation and caspase-1-induced pyroptosis contributes to CD4 + T cell depletion in uncontrolled HIV infection (Doitsh et al. 2014) . These results indicate a critical role of the caspase-1 pathway in the pathogenesis of HIV and SIV infection. However, the relationship of caspase-1 and peripheral immune cell activation during the course of HIV infection has not been investigated. This study provides a preliminary examination of the role of caspase-1 in driving persistent inflammation in the context of ART and contributing to the pathogenesis of HIV-associated comorbidities.
In this study, we measured active caspase-1 and its downstream cytokines IL-1β and IL-18 in the plasma over the course of SIV infection, in the presence of ART, and in hematopoietic and lymphoid tissues at necropsy. We used a well-characterized nonhuman primate model of SIVmac251 infection with subsequent CD8 depletion to accelerate disease (Burdo et al. 2010; Walker et al. 2014; Williams and Burdo 2012; Lakritz et al. 2015a; Lakritz et al. 2015b) , enabling the study of the relationship between viral replication, immune cell activation, and cytokine responses in a controlled experimental setting. Implementation of a contemporary ART regimen elucidated the relationship of caspase-1 activation to markers of monocyte/ macrophage activation with successful viral suppression. Better understanding of persistent immune activation with ART is necessary for determining the underlying causes of comorbidities.
Materials and methods

Animals used in the study and ethical statement
Sixteen male, Indian rhesus macaques (Macaca mulatta) were used in this study (Table 1) . Three rhesus macaques (A01-A03, SIV-) served as uninfected controls. Seven animals (A04-A10, SIV+) were inoculated intravenously with SIVmac251 viral swarm (5 ng p27; Tulane National Primate Research Center's (TNPRC; Covington, LA) Viral Core) and subsequently CD8-depleted through administration of 10 mg/kg of anti-CD8 antibody subcutaneously at 6 days post-infection (dpi) and 5 mg/kg of antibody intravenously at 8 and 12 dpi (Nonhuman Primate Reagent Resource). The SIV+ animals were sacrificed according to humane endpoints consistent with the recommendations of the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals. The development of simian AIDS was determined post-mortem by the presence of Pneumocystis carinii-associated interstitial pneumonia, Mycobacterium aviumassociated granulomatous enteritis, hepatitis, lymphadenitis, and/ or adenovirus infection of surface enterocytes in both small and large intestines. Six animals (A11-A16, SIV+ART) were not only SIV-infected and CD8 depleted, but also received a triple ART regimen of Raltegravir (22 mg/kg oral twice daily, Merck), Tenofovir (30 mg/kg subcutaneous once daily, Gilead), and Emtricitabine (10 mg/kg subcutaneous once daily, Gilead) at 21 dpi until the timed sacrificed at 118-120 dpi. Animals were anesthetized with ketamine-HCL and euthanized by intravenous pentobarbital overdose. Animals used in the study were housed at the TNPRC. All animals used in this study were handled in strict accordance with American Association for Accreditation of Laboratory Animal Care with the approval of the Institutional Animal Care and Use Committee of Tulane University.
Enzyme-linked immunosorbent assay
EDTA plasma from SIV+ and SIV+ART animals at pre-infection, 21 dpi, and necropsy or macrophage cell culture supernatants isolated following 24-h exposure to HIV (see cell culture below) were used for quantification of cytokines using enzyme-linked immunosorbent assays (ELISA). ELISAs used in the study were sCD14, total IL-18, caspase-1, high sensitivity IL-1β (all R&D Systems), and sCD163 (Trillium/IQ Products). All ELISAs were performed in accordance with the manufacturer's instructions and quantified using Gen5 (Biotek). Appropriate standard curve and controls were used in all ELISAs and all samples were tested in duplicate with a CV less than 25% for all values.
Flow cytometry
Flow cytometric analyses were performed with 100 μL aliquots of EDTA-coagulated whole blood. Erythrocytes were lysed using ImmunoPrep Reagent System (Beckman Coulter), washed twice with PBS containing 2% FBS, and then incubated for 15 min at room temperature with fluorochrome-conjugated surface antibodies. Flow antibody panels were designed to identify cell populations and quantify surface expression. Samples were acquired on a BD FACS Aria (BD Biosciences) and analyzed with Tree Star Flow Jo version 9.6. Monocyte populations were represented as percent of the total monocyte number, while CD4 + T cells were represented in absolute number.
Western blot
Tissue samples from SIV−, SIV+, and SIV+ART animals were prepared using mechanical homogenization of the tissues into a lysis buffer containing 6 M Urea, 0.025% SDS, and 5 mM β-mercaptoethanol. Some tissues were extracted from OCT blocks using Trizol (Invitrogen) according to the manufacturer's protocol. Protein assays were performed using Bradford reagent (BioRad). Proteins were resolved on SDSpolyacrylamide gels using Bio-Rad's Western blotting system. The blots were probed with anti-IL-18 (Millipore; 1:1000), anticaspase 1 (Santa Cruz, clone D3; 1:1000), anti-phosphorylated Serine 536 NF-κB p65 (Cell Signaling; 1:1000), anti-NF-κB p65 (Cell Signaling; 1:1000), and anti-actin (Sigma; 1:5000). After three washes with PBS and 0.5% Tween 20 (PBST), the blots were probed with appropriate secondary antibodies and washed in PBST. The signals were detected using ODYSSEY® CLx Imaging system (LI-COR, Inc.). Protein band intensities were quantified using Image Studio Software and normalized against corresponding actin signals.
Monocyte cell culture
Peripheral blood samples were obtained from healthy donors. PBMCs were isolated by Ficoll hypaque (1.0770) gradient centrifugation. Monocytes were separated from other cells by adhesion to 12 well tissue culture plate overnight at 37°C and 5% CO 2 . Wells were washed with PBS and differentiated to macrophages in RPMI containing 10% FBS and 50 ng/mL M-CSF for 7-10 days. After differentiation, cells were treated with 5 ng/mL HIV virus ADA-M. Cells were infected by spinoculation for 2 h, at 25°C, 2700 RPMI in 12 well plate with 0.5 mL of inocula per well (Opti-MEM + polybrene 8μg/mL + virus). After spinoculation, cells were incubated for 2 h at 37°C and 5% CO 2 . After a total of 4 h (2 h spinoculation and 2 h incubation), cells were washed three times with 1 mL of PBS and fresh medium containing M-CSF was added. Cells were then incubated for 24 h when cell supernatant was removed for analysis by ELISA.
Statistical analysis
All statistical analyses were performed using Prism Software. A non-parametric, repeat-measures ANOVA was used to compare changes in plasma marker concentrations at multiple time points, and a Kruskal-Wallis ANOVA was used in comparing different groups of the same analysis. If the ANOVA was significant (P < 0.05), groups were compared post-hoc using a nonparametric Mann-Whitney U test or a non-parametric paired Wilcoxon t test. A non-parametric Mann-Whitney U test was used to detect variation between two groups. Non-parametric Spearman correlation was used for all correlations. A P value of < 0.05 was considered significant for all tests performed.
Results
Caspase-1 pathway activation in the circulation during the course of SIV infection with and without ART
The contribution of HIV-mediated caspase-1 activation and pro-inflammatory cytokines IL-1β and IL-18 to chronic inflammation in HIV comorbidities remains elusive. To determine the dynamics of the caspase-1 pathway in the circulation during SIV infection, the concentration of active caspase-1, IL-18, and IL-1β in plasma were measured at pre-infection, 21 dpi (before ART initiation), and necropsy ( Fig. 1a-c) . No significant difference was found in caspase-1, IL-18, or IL-1β between the SIV+ and SIV+ART animals before ART initiation. Plasma caspase-1 significantly increased over the course of infection, with dramatic increase from pre-infection to 21 dpi and 21 dpi to necropsy (Fig. 1d) . Plasma concentration of IL-18 significantly increased over the course of infection, with an increase from pre-infection to 21 dpi and 21 dpi to necropsy (Fig. 1e) . No significant changes were seen in IL-1β levels during infection (Fig. 1f) . The lack of detectable changes in IL-1β may be due in part to the short half-life of IL-1β (Kudo et al. 1990 ).
Within the SIV+ART animals, plasma caspase-1 exhibited a significant spike between pre-infection and 21 dpi, which was significantly decreased with the initiation of ART by comparison of necropsy to peak viral infection (21dpi) (Fig.  1g) . IL-18 levels in plasma were increased at 21 dpi and subsequently significantly decrease with ART (Fig. 1h) . No significant difference was found between necropsy and preinfection demonstrating ART's ability to restore plasma immune activation if caspase-1 and IL-18 to uninfected levels. There were no significant differences among levels of IL-1β at any time points (Fig. 1i) . To demonstrate effective dampening of the caspase-1 pathway with ART, the percent change of caspase-1, IL-18, and IL-1β levels from necropsy to 21 dpi were compared. Caspase-1 (Fig. 1j) and IL-18 (Fig. 1k) had a significantly greater percent change in SIV+ animals compared to SIV+ART animals. There was a trend in the percent change of IL-1β from 21 dpi to necropsy between the two groups ( Fig. 1l , P = 0.1). Together, these data demonstrate an increase in caspase-1 pathway components in the circulation over the course of SIV infection, which was reversed by the administration of ART.
Caspase-1 pathway activation correlates to monocyte activation and immune cell populations in the circulation of SIV+ animals
Monocytes and macrophages are important reservoirs of virus and contribute to many comorbidities (Kearns et al. 2017a; Burdo et al. 2013; Chivero et al. 2017) . We examined the correlation of caspase-1 pathway with monocyte activation markers, monocyte inflammatory subpopulations, and CD4 + T cells during SIV infection. Plasma caspase-1, IL-18, and IL-1β levels at pre-infection, 21 dpi, and necropsy in SIV+ animals were correlated to sCD14, sCD163, CD14 + CD16 + monocytes, and CD4 + T cells (Fig. 2) . We showed that caspase-1 levels positively correlated with plasma sCD14 (Fig. 2a), sCD163 (Fig. 2b) , and the percent of CD14 + CD16 + inflammatory monocytes (Fig. 2c) , but negatively correlated with the absolute number of CD4 + T cells/μL of blood (Fig.  2d) . Similarly, plasma IL-18 positively correlated to both plasma sCD14 (Fig. 2e) and sCD163 (Fig. 2f ). There was a trend for IL-18 to correlate to the percent of CD14 + CD16 + monocytes (Fig. 2g) . IL-18 negatively correlated to the absolute number of CD4 + T cells (Fig. 2h) . No correlation was found between IL-1β and any soluble markers of monocyte activation, monocytes, or T cells. These results show an interaction between caspase-1 pathway propagation and monocyte activation, implying a pro-inflammatory effect of caspase-1 and IL-18 on peripheral immune cells. Interestingly, the negative association between CD4 + T cell counts and components of the caspase pathway may suggest CD4 + T cells as a source of soluble caspase-1 and IL-18 in plasma through pyroptosis (Doitsh et al. 2014) .
ART decreases caspase-1 pathway activation and inflammatory markers in the circulation Next, SIV-associated caspase-1 pathway and immune activation response to ART was evaluated. To evaluate the effects of ART, plasma markers of the caspase-1 pathway and immune cell activation were compared among pre-infection, SIV+, and SIV+ART at necropsy (Table 2 ). Plasma caspase-1 was significantly different among pre-infection, necropsy of SIV+, and necropsy of SIV+ART animals. Caspase-1 was -1 (a, d, g ), IL-18 (b, e, h), and IL-1β (c, f, i) were measured at pre-infection (Pre), 21 days postinfection (21 dpi), and at necropsy (necropsy) from 7 SIV-infected (denoted SIV+, black) and 6 SIV-infected ART-treated (denoted SIV+ART, red) rhesus macaques. The means and the standard error of the means (SEM) are shown. ART treatment was initiated following a pre-treatment blood draw on 21 dpi (a-c). Longitudinal analysis of plasma markers is shown for each animal, SIV+ and SIV+ART (d-i). d Plasma caspase-1 in SIV+ monkeys (n = 7) was significantly increased during the course of SIV infection (ANOVA P < 0.001). Caspase-1 was elevated at 21 dpi (P < 0.05) and necropsy (P < 0.05) compared to pre-infection levels. e Plasma IL-18 in SIV+ monkeys (n = 7) was significantly increased during the course of SIV infection (ANOVA P < 0.01), with significant difference between pre-infection and 21 dpi (P < 0.05) and 21 dpi and necropsy (P < 0.01). f Plasma IL-1β in SIV+ monkeys (n = 7) trended toward an increase during the course of SIV infection. g Plasma caspase-1 in SIV+ ART animals (n = 6) was significantly altered during the course of SIV infection and treatment (ANOVA P < 0.01). Caspase-1 was elevated at 21 dpi (P < 0.05) compared to pre-infection level and significantly decreased with ART, compared by necropsy to 21 dpi (P < 0.05). h Plasma IL-18 in SIV+ART animals (n = 6) was significantly altered during the course of SIV infection and treatment (ANOVA P < 0.01) and was significantly decrease from 21 dpi to necropsy after ART (P < 0.01). i Plasma IL-1β in SIV+ART animals (n = 6) was not significantly altered during the course of SIV infection or with treatment. The percent change (mean and SEM) in caspase-1 (j), IL-18 (k), and IL-1β (l) levels from 21 dpi to necropsy was calculated in SIV+ and SIV+ART animals. j There was a significant difference in the percent change of caspase-1 in the SIV+ (49.8%) compared to the SIV+ART (− 48.8%) animals (P < 0.05). k There was a significant difference in the percent change of IL-18 in the SIV+ (231.1%) compared to the SIV+ART (− 66.1%) animals (P < 0.01). l There was a trend in the difference in percent change of IL-1β from 21 dpi to necropsy between the two groups (SIV+ 202.6%, SIV+ART −5.4%; P = 0.1). Longitudinal concentration of caspase-1 pathway activation markers was compared using a repeated-measures, non-parametric ANOVA and, if significant (P < 0.05), Wilcoxon non-parametric paired post-hoc analysis was used to determine significant difference between the groups. The percent change was compared using a Mann-Whitney, two-tailed t test. (*P < 0.05; **P < 0.01; ***P < 0.001) significantly higher at necropsy in SIV+ animals compared to pre-infection and necropsy in SIV+ART animals (Table 2, P < 0.01, P < 0.05, respectively). Similarly, the plasma concentration of IL-18 significantly differed between the three groups, with significantly higher IL-18 at necropsy in SIV+ animals compared to levels at pre-infection and at necropsy of SIV+ART animals (P < 0.001, P < 0.01). There was no significant difference in IL-1β among the three groups, most likely because of the short half-life of IL-1β. Plasma sCD14 and sCD163 levels were significantly different among the three time points, with significantly greater sCD14 and sCD163 at necropsy of SIV+ animals compared to pre-infection (P < 0.05, P < 0.01, respectively). Plasma sCD14 trended toward lower concentrations in ART-treated animals ( Table 2 ; P = 0.07), and sCD163 showed a significantly lower concentration in SIV+ART animals compared to SIV+ animals at necropsy (P < 0.05). The percent of inflammatory CD14 + CD16 + monocytes exhibited the same trends of increase at necropsy in SIV+ animals and reduction with ART, although not significant (Table 2 , P = 0.07). Lastly, there was a significant decrease in the number of CD4 + T cells/μL of blood in SIV+ animals and a return to uninfected levels in the SIV+ART animals. These results demonstrate resolved inflammation in the circulation with the implementation of ART, as measured by the decreased caspase-1 pathway, decreased immune activation markers, and recovery of immune cell populations.
ART partially attenuates increase in caspase-1 pathway activation in SIV infection in immune tissues
Previous studies have indicated that ART suppresses inflammation in the circulation, but immune activation may persist in certain tissues in PLWH (Tawakol et al. 2017; Zanni et al. 2016) . Therefore, we further investigated how ART affects SIV-associated caspase-1 pathway activation in the lymph node. Necropsy tissue lysates from axillary lymph nodes from SIV−, SIV+, and SIV+ART animals were analyzed by Western blot for caspase-1 and IL-18. Western blots visualized active caspase-1 (25 kD) and pro-caspase-1 (50 kD) to determine the ratio of active caspase-1 to pro-caspase-1 (Fig. 3a) . The normalized ratio of active caspase-1 to pro-caspase-1 was significantly different between SIV−, SIV+, and SIV+ART animals, with a significantly increased ratio in the SIV+ animals compared to SIV− animals (Fig. 3b) . There was no significant difference between the SIV+ and SIV+ ART groups, suggesting the increased activation of caspase-1 during SIV infection was not completely restored with ART. There was no significant difference in active caspase-1 or pro-caspase-1 among the groups (Fig. 3c) . Tissue lysates were also analyzed for IL-18 expression to confirm the downstream signaling of the caspase-1 pathway. Blots were analyzed for both pro-IL-18 (25 kD) and active IL-18 (18 kD), as previously reported (Shamaa et al. 2015) (Fig. 3d) . Active IL-18 expression in the axillary lymph nodes was significantly increased in both SIV+ and SIV+ART groups compared to the uninfected controls (Fig. 3e) . Interestingly, although ART significantly decreased caspase-1 activation and IL-18 level in the circulation, ART treatment did not decrease IL-18 levels in the lymph nodes. The persistent immune activation in lymph nodes was also seen in the thymus and spleen ( Figures S1 and S2 ). This persistent production of inflammatory mediators in peripheral tissues may be sufficient to drive the residual immune activation seen in PLWH. The NF-κB signaling pathway is an important upstream priming signal for activating caspase-1, possibly playing a crucial role for caspase-1 activation in the lymph nodes (Hoseini et al. 2018) . HIV infection can trigger immune cell NLRP3 inflammasome formation, caspase-1 activation, and NF-κB signaling (Chivero et al. 2017; DeLuca et al. 1999; Mayne et al. 1998; Fiume et al. 2012; Shah et al. 2011; Liu et al. 2014; Olivetta et al. 2003; Varin et al. 2003) . NF-κB signaling is a priming event leading the transcriptional upregulation of NLRP3 inflammasome, pro-IL-1β, and pro-IL-18. The levels of total NF-κB (p65) and activated NF-κB (pp65) were quantitated by Western blot in lymph nodes from SIV−, SIV+, and SIV+ART animals (Fig. 4a) . Both lymph nodes from SIV+ and SIV+ART rhesus macaques had a significant increase in the ratio of p-p65/p65 compared to SIV− controls (Fig. 4b) . The level of p65 was not significantly different between the three groups (Fig. 4c) . The level of p-p65 was significantly elevated in lymph nodes of both SIV+ and SIV+ART animals compared to SIV− controls (Fig. 4d) . The increase in p-p65 in SIV infection and unresolved increase of p-p65 with ART further supports the persistent immune activation in lymphoid tissues.
Caspase-1 increases in human primary macrophages after exposure to HIV Increase in caspase-1 activation has been documented within 1 day after exposure to and infection by SIV (Barouch et al. 2016 ). To determine if caspase-1 activation occurs in human macrophages following HIV infection, primary human macrophages were treated with a CCR5-tropic virus ADA-M (5 ng/ mL) for 24 h and cell supernatants were analyzed for caspase-1 and IL-1β levels. Caspase-1 levels were significantly higher in the supernatant from ADA-M-treated macrophages compared to macrophages not exposed to virus (Fig. 5a , P < 0.001). After exposure to HIV, IL-1β levels increased above the level of detection (0.125 pg/mL) compared to untreated cells, where IL-1β remained below the detection limit (Fig. 5b) . These results reaffirm previous findings showing an increase in caspase-1 activation in monocytes/macrophages after HIV infection in vitro (Hernandez et al. 2014; Barouch et al. 2016) .
Discussion
The success of ART has dramatically changed the outcome of HIV infection in PLWH. PLWH now have a life expectancy close to that of the general population; however, they still present with a high prevalence of HIV-associated comorbidities including CVD and HAND (Kearns et al. 2017b) . Clinical evidence indicates that although ART is able to suppress inflammation in the circulation, immune activation and inflammation may persist in certain tissues (Fitch et al. 2013; Tawakol et al. 2017; Zanni et al. 2016; Pereyra et al. 2012 ). In the context of viral suppression, the underlying molecular mechanisms connecting HIV-associated immune activation to comorbidities remains largely unknown (Kearns et al. 2017a) . In this study, we explored a possible mechanism for HIVassociated immune activation and response to ART in the circulation and immune tissues of SIV-infected rhesus macaques. First, a significant increase in the activation of the caspase-1 pathway was detected in plasma at 21 dpi, with a continued increase at necropsy. Initiation of ART after peak viremia at 21 dpi in SIV-infected animals significantly (Group 2015; Siedner 2016) . Similarly, early intervention with ART in PLWH returned heightened plasma sCD163 levels to levels of uninfected patients (Burdo et al. 2011a) ; however, in chronically infected PLWH, sCD163 levels remained elevated despite ART. (Burdo et al. 2011a ) Our results clearly document that peripheral caspase-1 is contributory to chronic inflammation and disease progression, but is modulated by ART. The prevalence of HIV comorbidities, with the advent of suppressed viral load, is now a primary focus for disease management. Disease severity in many HIV-associated comorbidities has been associated with specific markers of monocyte/ macrophage activation (Kearns et al. 2017a) . Although caspase-1 pathway activation is long-established in HIV, involvement of the caspase-1 cascade in peripheral monocyte/ macrophage immune activation has never been examined. (Hernandez et al. 2014; Guo et al. 2014; Yearley et al. 2009; Barouch et al. 2016; Burdo et al. 2011b; Lederer et al. 2009 ) These data indicate caspase-1 activation as a driving mechanism in immune cell activation, thereby contributing to these comorbidities. Positive correlations to monocyte activation markers and inflammatory CD14 + CD16
+ monocyte expansion suggest this population may be responsible. Further studies are needed to specifically identify the involvement of caspase-1 and its downstream products not only in modulating monocyte expansion and activation in the periphery but also tissue-specific macrophage activity and polarization. Recently discovered inflammasome activation, the upstream activator of caspase-1, was increased in monocytes from PLWH, and as Tissue lysates from axillary lymph nodes were analyzed by western blot for caspase-1 (a-c) and e) . a Blots were visualized for procaspase-1 (50 kD), active caspase-1 (25 kD), and β-actin. β-actin was used for a loading control and all samples were normalized to β-actin. b The ratio of active caspase to pro-caspase was compared between groups. There was a significant difference between groups (ANOVA < 0.05). Caspase-1 activation significantly increased in the lymph node following SIV infection (P < 0.05). Although ART decreased caspase-1 activation, it was still not significantly different from SIV infection. c Pro-caspase-1 and caspase-1 were not significant between groups. d Blots were visualized for pro-IL-18 (24 kD), active IL-18 (18 kD), and β-actin. β-actin was used for a loading control and all samples were normalized to β-actin. e There was a significant difference among the levels of active IL-18 in lymph nodes from SIV−, SIV+, and SIV+ART animals (ANOVA P < 0.05). Active IL-18 was significantly increased in the lymph node with SIV infection compared to SIV− (P < 0.05). Additionally, after ART IL-18 remained elevated compared to SIV− controls (P < 0.05). Groups were compared using a non-parametric KruskalWallis ANOVA and, if significant (P < 0.05), a non-parametric MannWhitney post hoc comparison was used. (*P < 0.05) reaffirmed here, showed that caspase-1 activation was elevated in macrophages after exposure to HIV (Ahmad et al. 2017 ). Whether caspase-1 activation is required for monocytes/ macrophage activation, leading to these comorbidities, remains unclear. The observed negative correlation of caspase-1 activation to T cell counts further signifies pyroptosis as the main cause of T cell depletion in HIV (Doitsh et al. 2014) . Pyroptosis of T cells, and subsequent release of caspase-1, could be a significant source of the increased caspase-1 measured in circulation. The negative association could result from HIV-mediated CD4 T cell depletion, providing a significant enhancement of immune activation. Further experiments will be needed to determine the possible involvement of the capsase-1 pathways in causality of HIV comorbidities. Associations of the caspase-1 pathway to immune cell populations, specifically T cells and macrophages, only begins to shed light on the systemic changes involved in initiating and sustaining chronic immune activation in virally suppressed patients' development of HIV-associated comorbidities.
Notably, caspase-1 pathway activation is different in the tissue compartments compared to the circulation. In the lymph node and spleen, there was significantly greater active caspase-1 in SIV+ animals compared to uninfected controls; however, ART intervention was not able to return to pre- Fig. 4 NF-κB pathway activation in lymph node despite ART. Tissue lysates from axillary lymph nodes were analyzed by western blot for NF-κB molecules (a-d). a Blots were visualized for total NF-κB (p65), phosphorylated NF-κB (Ser536)(p-p65), and β-actin in lymph nodes of SIV−, SIV+, and SIV+ART animals. β-actin was used for a loading control and all samples were normalized to β-actin. b There was a significant difference in the ratio of p-p65/p65 among the three groups (P = 0.05). Both lymph nodes from SIV+ and SIV+ART rhesus macaques had a significant increase in the ratio of p-p65/p65 compared to SIV− controls (ANOVA < 0.05; P < 0.05). c There was a trend for a difference in p65 among the three groups (P = 0.05). d There was a significant difference in the level of p-p65 among the three groups (P = 0.05). Both lymph nodes from SIV+ and SIV+ART rhesus macaques had a significant increase in p-p65 levels compared to SIV− controls (ANOVA < 0.05; P < 0.05). Groups were compared using a non-parametric Kruskal-Wallis ANOVA and, if significant (P < 0.05), a non-parametric Mann-Whitney post-hoc comparison was used. (*P < 0.05) Fig. 5 Caspase-1 increases in macrophages after only 24 h from exposure to HIV. a, b Primary human macrophages were treated with CCR5 virus ADA-M (5 ng/mL virus) for 24 h and then cell supernatant was analyzed for caspase-1 activation (a) and IL-1β levels (b). a Caspase-1 levels were significantly higher in ADA-M-treated macrophages compared to macrophages not exposed to virus (No TX: 56.62 ± 2.0 pg/mL vs. ADA-M 113.2 ± 3.9 pg/mL, P < 0.001, n = 3). Comparison between virus-treated and untreated cells was done using an unpaired t test. b After exposure to HIV, IL-1β levels increased above the level of detection (0.174 ± 0.04 pg/ mL) compared to untreated cells, where IL-1β was below the detection limit (0.125 pg/mL). IL-1β was unable to be statistically compared due to levels falling below detection. (***P < 0.001, N.D. not detectable) infection levels. Tissue immune activation might persist despite adequate suppression of viremia in the circulation as a result of caspase-1 and is effector cytokines, supporting the possible contribution to the pathogenesis of HIV-associated comorbidities. Further, in PLWH, ART is unable to adequately suppress immune activation in tissue compartments (Zanni et al. 2016) , suggesting a need for additional therapeutics to target comorbidities directly. Here, we provide evidence that ART is successful in acutely decreasing caspase-1 inflammation in the circulation, but caspase-1 activation persists in tissue compartments. As the life expectancy of PLWH increases, there is an ever-increasing demand to investigate these mechanisms of these chronic comorbidities and develop novel therapeutics for this population.
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